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Fall-related traumatic brain injuries (TBI) are the leading cause of morbidity and mortality 
among older adults. Previous studies found that the declines of neck musculature with advanced 
age may be related to compromised head control that may elevate the risk of fall-related TBIs. 
However, a better understanding of age-related differences in head control is necessary to 
develop targeted TBI screening measures in older adults. Therefore, this study quantified the 
temporal characteristics of head control and examined the age-related differences of head control 
in response to external postural perturbations. Overall, 57 participants were grouped based on 
age. Twenty Young (18-30 years old), 23 Young-Old (60-74 years old), and 14 Old-Old (75-89 
years old) participants completed three trials of unexpected platform translations in the anterior 
and posterior directions for a total of six trials in the randomized order, in which linear head 
acceleration of head and C7 were recorded. Resultant head acceleration and head jerk of isolated 
head segment were computed and applied to extract temporal features of head control. A non-
parametric approach equivalent to a mixed-designed ANOVA was applied to determine the main 
effects of age group and order of trials. All age groups had the similar head acceleration onset 
and head re-stabilization time, but Young adults had a significantly smaller number of zero-
crossing than Young-Old and Old-Old adults. Old-Old adults also had much more cases that 
failed to return back to pre-perturbation levels in head jerk than the other two populations. All 
age groups indicated adaptation pattern over trials, but that in Old-Old groups was relatively 
random. This research illustrated that the control efficiency of head control declines with 
increased age, particularly in older adults over 75 years of age. Findings in this study may serve 
as a foundation for the development of targeted fall-related TBI screening measures and 
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CHAPTER 1: INTRODUCTION 
Fall-related TBIs in the older population have been a growing public health concern. 
Globally, traumatic brain injuries (TBI) are the leading cause of emergency department visits, 
hospitalization, mortality and morbidity in older populations aged 55 years and over, with over 
81% of TBIs resulting from fall-related head impacts (Hawley et al., 2017; Michael et al., 2019). 
Most of TBIs in older adults (80%) experienced moderate to severe events with physiological 
disruption of brain function, including loss of consciousness, post-traumatic amnesia, brain stem 
injury, or even death (Hawley et al., 2017; Malec et al., 2007). In the US, the mortality of fall-
related TBI has significantly increased in the past ten years, with older adults aged 75 years and 
over as the most vulnerable (Peterson & Kegler, 2020). The mortality in this age group was 
highest among all age groups and was approximately eight times higher than that among 
populations aged 55-74 years (Peterson & Kegler, 2020). Although different prevalence indicates 
that older adults are more susceptible to fall-related TBIs with advanced age, the underlying 
mechanisms are not clearly understood. The age-related changes in neck musculatures and head 
control may be potential contributors to fall-related TBIs in older adults (Wood, Morrison, et al., 
2019). Better understanding of this age-related change would be able to facilitate the 
development of appropriate fall-related TBI screening and prevention strategies. 
As the widely reported age-related decline in postural control, head control is likely to 
deteriorate with age increase. The decrease of head stability and control with age increase has 
been reported in various movements. Compared to healthy young adults, older populations have 
demonstrated significantly slower and smaller head motion, increased head jerk, and worse 
ability to attenuate accelerations from trunk to head during walking or gait initiation (Brodie et 
al., 2014; Maslivec et al., 2018; Paquette et al., 2006). Compromised head stability and control 
may elevate the risk of head impact and TBIs during falls in older adults. For instance, in an 
experimentally induced sideways fall healthy older adults had a three-fold increase in the 
likelihood of head impacts than young adults (Wood, Moon, et al., 2019). Further, participants 
with head impact have shown significantly greater head acceleration than participants without 
head impact falls (Wood, Moon, et al., 2019). The aging-related decline of the head-neck 
complex functional capacity may be the contributing mechanism of compromised head control.   
Neck musculature plays an important role in controlling the head-neck complex. As the 
result of well-coordinated neuromuscular control and muscle strength, sufficient forces during a 
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fall should be generated to reduce the rapid change in head linear and rotational displacement, to 
minimize head impacts and the magnitude of impact forces on the brain (Bauer et al., 2001; 
Eckner et al., 2014; Gutierrez et al., 2014; Viano et al., 2007). Therefore, aging-related changes 
in neck musculature would be expected to lead older adults to be even more susceptible to head 
impact in falls with increased age.  
A previous study found that healthy older adults, particularly those aged 75 years and 
over, showed significantly decreased active and passive range of motion (Wood & Sosnoff, 
2020). However, while no significant difference in the strength of major neck muscles was found 
at the time, a large effect size was observed, which merits further exploration (Wood & Sosnoff, 
2020). Results of this study implied that weaken neck muscles with increased age may be less 
capable to effectively control head movements. Another study from the same team has revealed 
that the aging population had increased muscle activation latencies major neck stabilizers, 
including sternocleidomastoid (SCM), splenius capitis, and upper trapezius (Wood et al., 2020), 
which was consistent with the prolonged simple reaction time in older adults reported in previous 
studies (Woods et al., 2015). Taken several lines of evidence together, it seems that older adults 
need longer time to initiate a neuromuscular response in order to counteract postural 
perturbations, while weaker neck muscles lead to less effective head control and prolonged 
period to offset the impacts of postural perturbations. Therefore, it is logical to speculate that 
older adults would need a longer time to kinematically respond to postural perturbations and 
spend longer time recovering head stabilization after a perturbation. Examining this hypothesis 
would help in discovering whether temporal characteristics of head control are useful in the 
development of novel TBI risk assessment and prevention protocols. However, no study has 
investigated temporal characteristics of head control in response to external postural 
perturbations, nor has a study looked into age-related changes of head control in terms of 
temporal characteristics. 
Therefore, the aim of this study is to quantify head acceleration onset and head re-
stabilization time in response to unexpected postural perturbations in young adults (18-30 years), 
young-old adults (60-74 years) and old-old adults (75-89 years). Head control during head re-
stabilization time were also quantified as the secondary interest of the current study. It was 
hypothesized that old adults (75-89 years) would have significantly longer head acceleration 
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onset and head re-stabilization time than the young adults. At the same time, the old-old group 




CHAPTER 2: METHODOLOGY 
2.1 Participants 
There were 66 participants recruited from the local community via university online 
newsletter and from a database of participants interested in participating research. Researchers 
contacted potential participants and screened them again the inclusion and exclusion criteria via 
phone call. Eligible participants should meet the following inclusion criteria: be 18-30 or 60-89 
years old, be able to read and speak English, able to ambulate independently, self-report normal 
or corrected to normal vision, and self-reported normal or corrected or normal hearing. 
Participants were excluded if they meet one of the following exclusion criteria: had allergies to 
adhesives on their skin, reported a history of chronic neck or back pain, a history of neck 
dysfunction including but not limited to referred pain numbness, or paranesthesia, a history of 
spinal fracture or deformities, current neurological disorders, history of vertigo or trauma to the 
head or neck, currently experiencing uncontrolled cardiorespiratory problems, or a current or a 
history of vestibular disease. After screening, six potential participants were ineligible to 
participate: three of them had a history of neck or back pain, two of them reported allergies to 
skin adhesives, one of them was unable to ambulate independently. Three eligible participants 
voluntarily dropped off before data collection. 
57 participants in total underwent the study procedure and assigned in groups based on 
age. 20 participants (10 males, 22.3 ± 3.8 years) age 18-30 years old were placed into the Young 
group, 23 participants (13 males, 67.2 ± 3.8 years) age 60-74 years old were placed into the 
Young-Old group, and 14 participants (4 males, 81.1 ± 3.8 years) age 75-89 years old were 
placed into the Old-Old group. 
2.2 Experimental procedures 
All study procedures were approved by the University of Illinois at Urbana Champaign 
Institutional Review Board. Participants were first asked to read and complete the informed 
consent. A health status questionnaire consisting of 6 questions was applied to quantify health 
status and responses were ranked on a Likert scale. Participants were asked to rate their health 
status from excellent to poor, to rate their difficulties in completing daily activities from able to 
unable, to rate perceived body pain in the past 4 weeks from none to severe. Responses to the 
health status questions were calculated with the highest score of 25 and lowest score of 6 to 
demonstrate worst and best health status, respectively. Height and weight were measured to 
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compute body mass index (BMI). Then participants completed the Physiological Profile 
Assessment (PPA) to evaluate their overall risk of falling. Vision, reaction time, leg strength, 
proprioception and balance/postural sway were examined in the PPA (Lord et al., 2003). Higher 
PPA scores represent a higher risk of falls. To prevent fatigue and muscle strain, participants 
were asked to complete a series of global and local warm-up including five-minutes stationary 
bike exercise without resistance and regulated speed and a series of shoulder rolls, neck stretches 
and head turns.  
To measure isolated head acceleration in response to unexpected external perturbation, 
EMG sensors (Trigono wireless system, Delsys Inc, Natick MA, USA) were firmly attached on 
the center of forehead and C7 vertebrae with adhesive pads. Skin was swiped by alcohol to 
remove dirt and loose skin participles. The EMG sensors were equipped with a 3-axis 
accelerometer for kinematic tracking.  
To quantify head control and collect head kinematics data during unexpected postural 
perturbations, participants were fitted into the safety harness for the Smart Equitest Research 
System (Natus Medial Inc, Pleasanton, CA, USA) after placement of EMG sensors and stood on 
the moveable force plate with feet in shoulder-width apart, toes forward, arms at body side and 
natural forward gaze. The platform was designed to translated forward or backward 6.35cm at a 
velocity of 20 cm/sec. A total of six trials of platform translations in the forward and backward 
direction were conducted in a random order. Each trial lasted for 10s with at least one-minute 
break after each translation. To obtain natural postural response to unexpected perturbations, no 
practical trials were provided. The EMG system (kinematic data) was integrated with Smart 
Equitest Research System (force plate) through an I/O Swich Box and a Delsys Trigger Adapter, 
which synced the start of each platform translation in the EMG system. 
2.3 Data collection and processing 
The linear acceleration of head and C7 in the anteroposterior, mediolateral and vertical 
axes of the forward and backward platform translations were collected by EMG sensor at a 
sampling rate of 148Hz. Raw acceleration data was detrended and processed using a band-pass 
filter with a 4th order Butterworth filter with cut-off frequency of 0.5Hz and 5Hz (Tucker et al., 
2008). To isolate head-neck segment from trunk, the relative head acceleration was computed by 
subtracting neck acceleration from head acceleration in each axis. Resultant head acceleration 
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𝛼𝛼(𝑖𝑖) was calculated as equation (1), where 𝑥𝑥𝑖𝑖, 𝑦𝑦𝑖𝑖, 𝑧𝑧𝑖𝑖 represents the i-th sample of acceleration 
data from vertical, mediolateral, and anteroposterior component of the acceleration.  
                                               𝛼𝛼(𝑖𝑖) = �𝑥𝑥𝑖𝑖2 + 𝑦𝑦𝑖𝑖2 + 𝑧𝑧𝑖𝑖2      (1) 
Resultant head acceleration was processed using Teager-Kaiser Energy Operator (TKEO) 
as equation (2). TKEO is a local energy measure for oscillating signal and has been widely 
applied in detection of EMG signal onset (Li et al., 2007; Solnik et al.). Due to the sensitivity in 
detecting abrupt energy change, TKEO has been successfully applied to acceleration signal as 
well (Hallez et al., 2014; Li et al., 2007). After TKEO, a custom MATLAB (MathWorks, Natick, 
MA, USA) code detected the perturbation onset of platform, the onset and termination of the 
resultant head acceleration for each trial. Perturbation onset of platform in each trial was marked 
with a signal from the trigger adapter. Onset threshold of acceleration was set as the instant the 
signal exceed 5 standard deviations above baseline (500ms before perturbation onset) (Tucker et 
al., 2008). The termination of resultant head acceleration was defined as the instant of the end of 
abrupt change of the root mean square (RMS) component in signal. Head acceleration onset was 
calculated as the onset of resultant head acceleration subtracted from the perturbation onset, 
while head re-stabilization time was calculated as the resultant head acceleration termination 
subtracted from head reaction onset. Figure 2.1 shows the instant of external perturbation onset, 
head acceleration onset and head re-stabilization on the TKEO filtered resultant head 
acceleration signal. Peak resultant head acceleration during head re-stabilization were detected 
by a custom MATLAB code.  
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(𝑖𝑖) = 𝑎𝑎𝑖𝑖2 − 𝑎𝑎𝑖𝑖(𝑖𝑖 − 1) ∗ 𝑎𝑎𝑖𝑖(𝑖𝑖 + 1)    (2) 
Resultant head jerk and axial jerk were computed by the first order time derivate of 
resultant head acceleration and axial acceleration separately, then all jerk data were filtered by 
RMS sliding window (0.25s). A custom MATLAB code was applied to calculate the sum of 
absolute RMS jerk and number of zero-crossings during head re-stabilization for vertical, 
mediolateral and anteroposterior axes. To determine whether participants returned back to their 
pre-perturbation level (i.e., stabilization status), the standard deviation of resultant head jerk 
(RMS) of a 500ms window for each data point since platform perturbation onset was calculated 
and compared to a baseline (500ms before perturbation onset). A custom MATLAB code 




Figure 2.1 A typical depiction of TKEO filtered resultant head acceleration signal with denoted 
perturbation onset, head acceleration onset and re-stabilization instant. 
 
 
2.4 Data analysis 
SPSS Version 25 (IBM Inc., Chicago IL) was applied for descriptive data analysis. 
Descriptive statistics for participant demographics and PPA were calculated. The number of 
cases that head jerk not returning to baseline was recorded for age groups and both directions of 
perturbations. Shapiro-Wilk test was firstly used to assess the normality of head acceleration 
onset, head re-stabilization time, axial zero-crossings, axial sum of absolute jerk. Previous study 
found postural responses were different in anterior and posterior platform translations 
(Woollacott et al., 1988), so measures in two translation directions were analyzed separately. 
Non-parametric approach equivalent to mix-designed ANOVA was applied to examine the main 
effects of age group, order of trials, and their interactions. When appropriate significance was 
examined, Games-Howell post-hoc tests were used for reporting significance. The level of 
significance was set at p ≤ 0.05. Effect size for non-parametric ANOVA were calculated with eta 
squared (η2). η2 of 0.01 represents a small effect size, 0.06 a medium effect size, and 0.14 a 
large effect size (Lakens et al. 2013). CI for eta squared was set for 90%, which holds the same 
statistical power as 95% CI in detecting difference of mean (Steiger, 2004). Statistical analyses 





CHAPTER 3: RESULTS 
Demographic information of the participants is presented in Table 3.1. One female 
participant in Young group was unable to complete data collection procedures due to light 
headedness and was excluded from statistical analysis. Five trials in posterior platform 
translation from different participants were excluded from the analysis due to incomplete or 
accidental mistakes in data records. Overall, there was no significant difference in self-reported 
health status and number of falls in the past 12 months. There was a significant difference 
between groups [F(2, 53) = 4.193]. Tukey post-hoc test revealed significantly lower BMI in 
Young group than Young-Old group (p = 0.018), but not Old-Old group (p = 0.150). In addition, 
there was no significant difference between Young-Old and Old-Old group (p = 0.810). 
Table 3.1 Participant Demographics 
 Young Young-Old Old-Old p-value 
n 19 23 14  
Gender (# of males) 10 13 4  
Age (years) 22.3 ± 3.8 67.2 ± 3.8 81.1 ± 5.3 - 
BMI 23.2 ± 5.6 27.7 ± 5.3 26.7 ± 4.6 0.02* 
Health Status 8.6 ± 1.8 7.6 ± 2.3 8.4 ± 2.6 0.30 
Number of falls  0.3 ± 0.6 0.4 ± 0.7 0.3 ± 0.5 0.73 
Values are presented in mean ± SD; * denotes significance of p < 0.05. 
 
The Shapiro-Wilk test demonstrated all measures were not normally distributed (p ≤ 
0.001). Table 3.2 reports the average head acceleration onset, head re-stabilization time, and 
peak resultant head acceleration of each cohort in three trials of two platform translations. There 
was no main effect of age and trial and on head acceleration onset, head re-stabilization time and 
peak resultant head acceleration, while trial showed significant main effect in anterior platform 
translation (𝑥𝑥2=11.88, p < 0.01) and posterior platform translation (𝑥𝑥2=20.19, p < 0.01). No 
interactions between age and trial were found in head acceleration onset, head re-stabilization 
time and peak resultant head acceleration. The Games-Howell post-hoc test displayed a 
significant lower peak resultant head acceleration between the first and third trial (𝑥𝑥2=2.60, p = 
0.029) in the anterior platform translation, but no other significant difference of other trials in 
anterior and posterior platform translation.  
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Table 3.2 Average head acceleration onset, head re-stabilization time and peak resultant head acceleration of three age groups in three trials of both 
directions. 
 Perturbations Trials Age groups 









1 34.83 ± 22  39.45 ± 31.0 38.58 ± 40.6 
2 46.20 ± 42.4  39.80 ± 29.5 66.08 ± 70.7 
3 41.93 ± 27.2  30.92 ± 14.1 35.21 ± 36.2 
p-value (𝜂𝜂2) 0.341 (0.03)  0.154 (0.01)  
 
Posterior translation 
1 33.41 ± 22.11  46.48 ± 31.3 74.27 ± 71.4 
2 44.42 ± 30.2  51.91 ± 35.8 125.40 ± 244.5 
3 37.67 ± 21.4  54.81 ± 41.1 78.13 ± 54.5 









1 1699.71 ± 608.6 1721.81 ± 856.2 1265.08 ± 583.0 
2 1442.13 ± 818.3 1268.35 ± 600.6 1711.11 ± 1016.0 
3 1473.76 ± 728.2 1572.20 ± 759.9 1402.25 ± 780.3 
p-value (𝜂𝜂2) 0.608 (<0.01)  0.681 (<0.01)  
 
Posterior translation 
1 1389.18 ± 547.3 1359.97 ± 510.6 1802.35 ± 1254.9 
2 1211.84 ± 445.7 1502.36 ± 594.6 1413.62 ± 627.4 
3 1256.62 ± 414.9 1458.47 ± 492.4 1415.55 ± 465.7 
 p-value (𝜂𝜂2) 0.631 (<0.01) 0.339 (0.03) 








1 0.43 ± 0.2 0.48 ± 0.3 0.31 ± 0.1 
2 0.34 ± 0.2 0.37 ± 0.2 0.35 ± 0.1 
3 0.29 ± 0.2 0.32 ± 0.2 0.27 ± 0.1 
p-value (𝜂𝜂2) <0.01** (0.04) 0.556 (0.03) 
 
Posterior translation 
1 0.46 ± 0.3 0.30 ± 0.1 0.31 ± 0.1 
2 0.33 ± 0.2 0.33 ± 0.2 0.28 ± 0.2 
3 0.28 ± 0.2 0.31 ± 0.2 0.29 ± 0.2 
 p-value (𝜂𝜂2) <0.01* (0.02) 0.698 (0.02) 
  Values were reported as mean±SD;  ** denotes the significance of p < 0.01 of the main effect of trial or age. 
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 Table 3.3 Average zero crossings of vertical, mediolateral and anteroposterior axes for three age groups in three trials of both directions. 
 Perturbation direction Trials Age groups 






1 11.79 ± 4.7 13.84 ± 6.8 11.14 ± 5.1 
2 10.79 ± 5.7 10 ± 5.1 14 ± 7.9 
3 9.95 ± 5.9 12.79 ± 6.5 12.21 ± 5.9 
p-value (𝜂𝜂2) 0.558 (<0.01)  0.459 (0.02)  
 
Posterior translation 
1 10.21 ± 4.2 10.76 ± 4.8 14.93 ± 11.1 
2 8.63 ± 3.5 11.94 ± 3.8 10.86 ± 5.1 
3 8.79 ± 3.3 11.76 ± 4.0 11.28 ± 3.7 







1 13.32 ± 5.6 13.42 ± 7.2 10.71 ± 4.2 
2 11.05 ± 6.5 9.53 ± 4.7 14.5 ± 9.3 
3 10.74 ± 4.9 11.95 ± 5.2 12.07 ± 6.3 
p-value (𝜂𝜂2) 0.469 (<0.01)  0.949 (<0.01)  
 
Posterior translation 
1 10.32 ± 4.2 10.82 ± 4.1 14.21 ± 9.7 
2 9.32 ± 3.8 11.56 ± 3.9 10.64 ± 4.8 
3 9.47 ± 3.2 10.76 ± 3.9 10.93 ± 3.9 
 p-value (𝜂𝜂2) 0.535 (0.01) 0.167 (0.04) 






1 12.0 ± 4.8 14.05 ± 6.9 9.71 ± 3.3 
2 10.05 ± 5.9 9.63 ± 4.18 13.6 ± 8.0 
3 10.11 ± 4.4 12.37 ± 5.5 10.86 ± 5.4 
p-value (𝜂𝜂2) 0.356 (0.01)  0.627 (<0.01)  
 
Posterior translation 
1 9.58 ± 4.6 11.72 ± 4.3 13.79 ± 10.0 
2 8.53 ± 3.3 11.5 ± 4.5 11.14 ± 3.6 
3 8.63 ± 4.0 10.35 ± 3.5 10.14 ± 4.5 
 p-value (𝜂𝜂2) 0.692 (<0.01) 0.030* (0.05) 
 Values were reported as mean±SD;  * denotes the significance of  p < 0.05 of the main effect of trial or age.
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Table 3.4 Average sum of absolute jerk of vertical, mediolateral and anteroposterior axes for three age groups in three trials of both directions. 
 Perturbation direction Trials Age groups 
 Young Young-Old Old-Old 
 





1 1.45 ± 0.8 1.31 ± 0.7 1.24 ± 0.5 
2 0.90 ± 0.56 0.87 ± 0.4 1.60 ± 1.3 
3 0.78 ± 0.5 0.96 ± 0.7 1.49 ± 1.1 
p-value (𝜂𝜂2) <0.01** (0.03)  0.206 (0.02)  
 
Posterior translation 
1 1.06 ± 0.9 0.86 ± 0.4 1.49 ± 1.1 
2 0.69 ± 0.4 0.80 ± 0.5 0.92 ± 0.8 
3 0.57 ± 0.3 0.72 ± 0.4 0.90 ± 0.5 
 p-value (𝜂𝜂2) <0.01** (0.06)  0.133 (0.05)  
 
 





1 2.31 ± 1.1 2.68 ± 1.4 1.87 ± 0.58 
2 1.81 ± 1.3 2.06 ± 1.1  2.77 ± 2.8 
3 1.55 ± 0.8 1.86 ± 0.9 2.35 ± 2.1 
p-value (𝜂𝜂2) <0.01** (0.02)  0.239 (0.02)  
 
Posterior translation 
1 2.47 ± 1.7 1.79 ± 0.83 2.35 ± 2.1 
2 1.73 ± 1.0 1.95 ± 0.9 1.74 ± 1.6 
3 1.55 ± 0.9 1.90 ± 1.24 1.83 ± 1.5 
 p-value (𝜂𝜂2)  <0.01** (0.02)  0.937 (<0.01)  
    
 





1 1.48 ± 0.7 1.60 ± 1.0 1.38 ± 0.4 
2 1.09 ± 1.09 1.10 ± 0.6 1.83 ± 1.4 
3 1.01 ± 0.9 1.13 ± 0.6 1.24 ± 1.0 
p-value (𝜂𝜂2) <0.01** (0.01)  0.102 (0.01)  
 
Posterior translation 
1 1.32 ± 1.0 1.27 ± 0.6 1.56 ± 0.8 
2 0.93 ± 0.6 1.36 ± 0.6 1.16 ± 0.7 
3 0.83 ± 0.5 1.52 ± 1.0 1.29 ± 0.6 
 p-value (𝜂𝜂2) <0.01** (0.02) 0.07 (0.04) 




Table 3.5 Number of cases that head jerk not back to baseline for three groups in anterior and posterior platform translations. 
 Perturbation direction Trials Age groups 
 Young Young-Old Old-Old 
 
Number of cases 




1 3/19    1/23  6/14  
2 3/19 2/23  3/14  
3 5/19  0/23 6/14  
  11/57 (19.30%) 3/69 (4.35%) 15/42 (35.72%) 
 
Posterior translation 
1 0/19 3/21  7/14  
2 0/19 1/22  8/14  
3 1/19  2/21  4/14  
   1/57 (1.75%) 6/64 (9.38%) 19/42 (45.24%) 
Total number in both translations 



















Figure 3.2 Sum of absolute jerk of three age groups over three trials in mediolateral and anteroposterior axis for both perturbation 
directions.  
 
       
       










Table 3.3 reports the average number of zero crossings during head re-stabilization time 
in three axes for different age groups in different trials in both directions. There was no main 
effects of trial and interactions between age and trial were found in the number of zero crossings 
across three axes. The main effect of age was found in the vertical (𝑥𝑥2=1.30, p = 0.011) and 
anteroposterior axes (𝑥𝑥2=6.61, p = 0.036) in posterior platform translations. The Games-Howell 
post-hoc test determined that the Young group had a significantly less numbers of zero-crossings 
in vertical axis during posterior platform translation than Young-Old group (𝑥𝑥2=3.32, p = 0.003) 
and Old-old group (𝑥𝑥2=2.52, p = 0.038), while Young-Old and Old-Old groups were not 
significantly different from each other. Similar results were also found in the anteroposterior axis 
during posterior platform translation. Young group had a significantly less value that Young-Old 
group (𝑥𝑥2=2.49, p = 0.0037) and Old-old group (𝑥𝑥2=2.40, p = 0.05). 
The sum of absolute jerk in three axes for different age groups and both perturbation 
directions are reported in Table 3.4. The main effect of age was not reported for sum of absolute 
jerk in across axes and perturbations, conversely, the main effect of trials was found in both 
directions and all axes. Statistically significant interactions between age and trial on the sum of 
absolute jerk were only found in the mediolateral (𝑥𝑥2=2.90, p = 0.024) and anteroposterior 
(𝑥𝑥2=4.15, p < 0.01) axes during anterior platform translations. Interactions were plotted and 
demonstrated in Figure 3.1. It was found that the trial affects the Old-Old group differently than 
other groups. For the sum of absolute jerk in anterior translation of vertical axis (x^2=15.34, p < 
0.01), the Games-Howell post-hoc test determined the first trial was significantly higher than that 
in the third trial (x^2=2.38, p = 0.05). This measure was not significantly difference between 
Young and Young-Old group (p = 0.54), nor between the Young-Old and Old-old group (p = 
0.615). For the sum of absolute jerk in posterior translation of vertical axis (x^2=14.23, p < 
0.01), the Games-Howell post-hoc test determined the first trial was significantly higher than the 
second trial (x^2=2.41, p = 0.046) and third trial (x^2=2.67, p = 0.024), respectively. The second 
trail and third trail were not significantly different (p = 0.97). The main effects of trial were 
determined for the sum of absolute jerk in mediolateral and anteroposterior axes of both 
perturbation directions, but the Games-Howell post-hoc test did not report significant difference 
in pairwise comparisons. Figure 3.2 shows these cases in mean and error bars. Generally, sum of 
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absolute jerk reveals a decrease trend with the increase of trials across age groups, where this 
trend is most consistent in Young groups.  
Table 3.5 presents the number of cases where head jerk did not go back to a baseline 
level for all age groups in each perturbation directions. Old-Old group showed a much higher 
proportion of participants that did not go back to baseline that Young group and Young-Old 
group in either perturbations and accumulatively across both perturbations. Cumulatively across 
both perturbations, the ratio of participants that did not go back to baseline in Old-Old groups 
(34/84, 40.48%) is nearly five times and seven times higher than that of Young group (12/144, 





CHAPTER 4: DISCUSSION 
This study is the first to examine head acceleration onset and head re-stabilization time in 
response to linear postural perturbations in older adults over the age of 75 years and providing a 
comparison with young adults and young older adults. Contrary to our hypothesis that old-old 
adults would have significantly longer head reaction time and head re-stabilization time than the 
young adults, we found that all age groups responded to the perturbations and restored head 
stabilization after perturbations with a similar amount of time. However, consistent with our 
hypothesis that the older population would indicate worse head control than the young 
population, older adults had more zero-crossings during head stabilization recovery. 
Furthermore, a five-fold increase in the incidence of not returning to baseline and a more erratic 
pattern of adaptation to repeated trials was found in older adults over 75 years of age, in 
comparison to young adults, which is suggestive of an age-related decline in head control.  
All age groups in this study used a similar time in initiating a head response to a postural 
perturbation and restoring head stabilization after perturbations. Older adults did not display 
prolonged head acceleration onset and head re-stabilization time, which is in contrast with 
previous literature reporting the age-related changes in the delayed head kinematic onset, 
increased neuromuscular activation latency and declined neck muscle strength. 
Sternocleidomastoid (SCM), splenius capitis, and upper trapezius muscles are important 
stabilizers and primary movers of neck and head (Wood et al., 2019). Theoretically, quick 
neuromuscular activation and sufficient muscle strength of these neck muscles provide 
appropriate support to stabilize head and offset impacts of head kinematic changes from postural 
perturbations in daily activities or falls (Wood et al., 2019). Compared with younger adults (18-
59 years old), older adults aged over 75 years old have taken longer time (20ms – 223.4ms) to 
activate the sternocleidomastoid (SCM), splenius capitis, and upper trapezius muscles in 
response to different experimental postural tasks (Bisdorff et al., 1999; Maslivec et al., 2018; 
Sanders et al., 2019; Wood et al., 2020), suggesting slower neuromuscular activation in older 
adults. Besides, the weaker muscle strength of SCM, splenius capitis, and upper trapezius 
muscles in older adults aged over 75 years was also reported (Wood and Sosnoff, 2020). Weaker 
neck muscles may lead to lower neck control efficiency and poorer performance in response to 
postural perturbations. Thus, older adults, particularly those over 75 years old, would have been 
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expected to have delayed head kinematics initiation and termination than young adults due to 
alterations of neck musculatures.  
However, the lack of differences in temporal head kinematic characteristics s in the 
current study, in comparison to prior work, may be attributed to the differences in how 
acceleration is defined. The observed head acceleration onset was about 45ms, 43ms, and 70ms 
in young (18-39 years), young old (60-74 years), and old-old groups (75 years and over) 
respectively, which was evidently faster than head kinematics onset detected in previous results. 
For instance, Alexander et al. (1992) found onset of head rotation in response to a linear platform 
perturbation was around 193ms and 200ms in the young (20-34 years) and older adults (65-79 
years) respectively (Alexander et al., 1992). The comparable head movement onset (164ms – 
210ms) in response to platform translations among healthy young was also reported (Woollacott 
et al., 1988). Even longer head acceleration onsets have been reported in a study focusing on the 
segmental coordination during a voluntary sway movement, with head acceleration onsets of 
432ms and 650ms in the young adults (24 ± 5 years) and older adults (75 ± 2 years), respectively 
(Tucker et al., 2008). Given that the current study is the only research analyzing the sole head-
neck segment by subtracting C7 acceleration, head kinematics in this study represented the direct 
response of head to the platform translation, while head kinematics in other studies involved the 
overall response of whole-body to the postural tasks. Generally, no matter if the stance 
perturbation was introduced externally or voluntarily, the coordination of body segments and 
oscillation transferring followed the ‘bottom to up’ sequence, meaning kinematic changes began 
from inferior segment (foot or shank) to superior segment  (head) (Alexander et al., 1992; Tucker 
et al., 2008). Therefore, when the whole-body is involved in head kinematics analysis, 
interactions of multiple segments are likely to absorb portions of the impacts from floor surface 
and less postural impacts are transferred to head and trigger head kinematics alterations, which 
leading to slower head kinematics onset in other studies (Alexander et al., 1992; Tucker et al., 
2008; Woollacott et al., 1988).  
Based on prior findings from the same cohort (Wood et al. 2020), head acceleration onset 
in all age groups (average ~ 53ms) is earlier than EMG recorded neck muscle activation onset of 
bilateral SCM, splenius capitis, and upper trapezius (~105 - 350ms), in which the quickest 
muscle activation onset was about 105ms of the SCM in young adults. The time lag between 
head kinematic alterations and EMG detected neck muscle activation onset was also reported in 
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previous studies (Alexander et al., 1992; Woollacott et al., 1988). The later involvement of neck 
muscles suggests the head acceleration changes were unlikely to be introduced by the voluntary 
contraction of neck muscles. Thus, head acceleration onset may be the passive response to the 
postural perturbations, without the active components of neuromuscular control (Alexander et al. 
1992). Head kinematics in this research represented the direct response of head to the platform 
translation, so the passive response of head perhaps reflects the mechanical oscillatory 
transferring from bottom (floor) to up (head). Thus, it appears that the timing of oscillation 
conduction from bottom to up is not affected, although the age-related changes in structural, 
muscular and inertial properties of body would result in compromised oscillation damping in 
lower limb and trunk and greater mechanical impacts in head (Kavanagh et al., 2006; Maslivec et 
al., 2018; Mazzà et al., 2008), which would potentially lead to higher demands of more head sub-
movement to offset. However, this inference should be treated with caution. There was no 
further data available in this study to examine this segmental coordination, so center of pressure 
(COP) or additional motion capture analysis should be combined in a future study to better 
understand the mechanisms underlying similar head acceleration onsets across age groups. 
The time needed to restored head stabilization after a postural perturbation was also 
examined in this study, which has been previously used to measure successfully detected balance 
recoveries (Mok et al., 2011; Smith et al., 2016). All age groups were found to apply similar 
head re-stabilization times, with observations ranging from 1222–1699ms, 1268-1721ms, and 
1265-182ms in young (18-39 years), young-old (60-74 years), and old-old groups (75 years and 
over) respectively. Time to head re-stabilization was later than COP re-stabilization in young 
adults (513ms, 28.8 years) and young older adults (~900-1050ms, 65 years) (Mok et al., 2011; 
Smith et al., 2016). Later stabilization recovery between head and floor perhaps can be attributed 
to the ‘bottom to up’ oscillation transition sequence, which should be further studied in 
researches combining both COP sway and temporal analysis. Based on prior findings from this 
cohort, the young group (~105-160ms) neck muscle activation onset is earlier than that in 
younger-older adults (~150-320ms) and older-older adults (~160-360ms) (Wood et al., 2020). 
Earlier engagement of neck muscles does not result in faster head stabilization recovery, which 
means all age groups were able to deal with the impacts from postural perturbations with the 
same temporal-efficiency. On the other hand, between age groups differences of zero-crossings 
in posterior platform translations provided insights of different control-efficiency. Zero-crossings 
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in acceleration can reflect the modifications to the controlling force in the postural movements 
(Haid et al., 2018; Lage et al., 2012). The increased number of zero-crossings can serve as a 
measure how tightly the neuromuscular system controls the motion of a postural movement 
component (Prieto et al., 1996). Compared to young adults, older adults (60 years old and over) 
had a greater number of zero-crossings within the similar head re-stabilization in posterior 
platform translations. It seems that older adults need more vigorous neuromuscular control in 
restoring postural stabilization in head-neck segment, suggesting older adults had worse control-
efficiency than young adults when achieving the same time-efficiency. Overall, all age groups 
were capable to offset the postural impacts on head in similar timing, but older adults indicated 
less efficiency in head control.  
Furthermore, a less efficient control in older adults is suggested by the number of ‘not 
back to baseline’ cases in head jerk. Compared to young adults (8.33%) and young-older adults 
(6.77%), old-older adults had a greater number of ‘not back to baseline’ total cases (40.48%). 
According to equation (3), ‘back to baseline’ of head jerk in the present study means participants 
successfully offset the perturbation and reduce changes in head acceleration back to pre-
perturbation levels within the finite duration of the data recording (5s). Thereby, ‘not back to 
baseline’ imply participants failed to completely offset the perturbation impacts on head within 
the certain period. Much greater ‘not back to baseline’ rate in old-older adults suggests that a 
great proportion of this population still need longer time to successfully balance out forces on 
head, suggesting less efficiency in head control. Altered muscle synergy of important head 
stabilizers may be the contributors to the reduced efficiency in head control. A recent study 
found that older adults showed higher muscle co-activity within all muscle synergies in both 
walking conditions, which suggesting a general less efficient postural control pattern in older 
populations (da Silva Costa et al., 2020). The age-related alterations in the balance between the 
intra-cortical facilitation and inhibition of neck flexors and extensors may cause the inaccuracies 
and discontinuities of head control (Hortobágyi & DeVita, 2006),  that would be captured in 
measures reflecting the control processes, such as zero-crossings or the capability in recovering 
to pre-perturbation silence. 




            (3) 
Like the temporal characteristics explored in the resultant head acceleration, there were 
no between-groups differences in peak head acceleration and sum of absolute jerk in this study. 
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There are studies reporting age-related differences in head acceleration or jerk measures, but the 
experimentally induced postural perturbations were more challenging. For instance, Brodie et al. 
(2014) compared the head jerk during walking between young and older adults to investigate the 
age-associated alterations in dynamic stability (Brodie et al., 2014). The other study also applied 
platform introduced anteroposterior translation and investigated angular head acceleration 
difference between age groups, but the speed of platform translation (445 cm/s2) was faster than 
that in the present study (~252 cm/s2) (Keshner, 2004). It seems that smaller postural 
perturbations in this study were not impactful enough to uncover the age-related differences in 
descriptive head kinematics and temporal characteristics. However, the adaptation pattern of 
head control over trials was evident across age groups. All age groups indicated the significantly 
lower peak head acceleration in the 3rd platform translation than that in the 1st translation, which 
was same as the vertical axis of sum of absolute jerk. Though, unfortunately, multiple 
comparison post-hoc tests could not tell the statistical difference between trials for sum of 
absolute jerk in mediolateral and anteroposterior axes, the adaptation trend was most consistent 
in young adults, relative random in older adults aged over 75 years old. Quick adaption in 
repeated imposed postural perturbations among young adults has been widely reported (Blouin et 
al., 2003; Siegmund et al., 2003; Woollacott et al., 1988). The relative more random adaption 
pattern in older adults results from the great inter-individuals’ variability of performance. A more 
random or even a reverse adaptation pattern in the old-old group may suggest that the postural 
perturbations are more challenging to this population.  
With the evidence of age-related decline in head control efficiency in the present study, 
as well as the previously examined age-related difference in neck range of motion, muscle 
strength and neuromuscular control of several important head stabilizers (Wood et al., 2020; 
Wood and Sosnoff, 2020), it is possible to discuss their potential applications in reflecting TBI 
risks among older adults. The collective findings provide a good start to the development of 
target TBI screening protocols for older adults are important to mitigate TBI risk factors and 
prevent consequent injuries (Peters & Gardner, 2018). A few limitations should be discussed. 
This study was conducted with a relatively small sample size, which may result in the skewed 
output and missing post-hoc results of trial effects in certain sum of jerk data. Also, age only 
served as a grouping factor in statistical analysis, so how aging affects head control cannot be 
revealed in the current study. Further, the current study only compared the mean of factors in 
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statistical analysis. Analysis of population variability may be helpful in picturing the overall 
properties of different age groups. Furthermore, medication history, chronic disease history, and 
physical activity level was not collected or analyzed, which may impact the functionality of the 
participants. Angular head acceleration was not collected and investigated, which may disclose 
the effects of aging on the other important indicator of head impact (Rowson et al., 2012). 
Finally, postural perturbation in the current experimental setting seems not challenging enough 
to all age groups to disclosure the temporal differences in head kinematics. Experimental tasks 
with more challenging postural interference should be applied, such as walking or gait initiation. 
To solve the growing health concerns regarding fall-related TBIs, prevention in advance 
is as important as the treatment after injuries. The current studies and practical suggestions to 
prevent fall-related TBIs mainly focus on fall prevention, such as medication checks and 
environmental modifications (Krishnamoorthy et al., 2015; Sarmiento et al., 2008). However, 
mitigating TBIs when falls happen is also critical to prevent fall-related TBIs. Therefore, 
targeted TBI prevention and screening protocols for older adults should be studied. With the 
knowledge gained from this study, measures related to head control efficiency may have the 
potential to reflect TBI risks in older adults. Studies should further explore applicable screening 





CHAPTER 5: CONCLUSION 
This is the first study to investigate the temporal characteristics of head control in 
response to a postural perturbation in adults over 75 years of age in comparison to young adult 
and young older adult groups. This study demonstrated that the control efficiency of head control 
declines with increased age and provides novel measures that may be used in future screenings to 
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APPENDIX A: HEALTH STATUS QUESTIONNAIRE 
Revised Health Status Questionnaire for Traumatic brain injuries and older adults: the implications of neck strength, 
activation, and range of motion 
 







The following items are about activities you might do during a typical day. Does your health now limit you in these 
activities? If so, how much? (circle one number on each line)  
       Yes,   Yes,   No, not  
       limited   limited   limited  
       a lot   a little   at all 
 
2. Lifting or carrying groceries …………………. 3  2  1 
3. Climbing several flights of stairs…………… 3  2  1 
4. Walking several blocks……………………….. 3  2  1 
 
 
5. During the past 4 weeks, how much difficulty did you have doing your work or other regular daily 
activities as a result of your physical health? (Circle one number)  
 
None at all…………………………………..…………….…….1 
A little bit………………………………………….……...…….2 
Some…………………………………………………………….3 
Quite a bit……………………………………………………….4 
Could not do daily work………………………………….……..5 
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